Sensitive spectral observations made in two frequency bands near 6.0 and 17.6 GHz are described for Orion and W51. Using frequency switching we were able to achieve a dynamic range in excess of 10,000 without fitting sinusoidal or polynomial baselines. This enabled us to detect lines as weak as T A ∼ 1mK in these strong continuum sources. Hydrogen recombination lines with ∆n as high as 25 have been detected in Orion. In the Orion data, where the lines are stronger, we have also detected a systematic shift in the line center frequencies proportional to linewidth that cannot be explained by normal optical depth effects.
Introduction
In a recent paper Gordon (2008) has discussed how radio recombination lines can be useful tools for astronomers and physicists. Because of their high spectral density, observations in a narrow frequency band typically encompass lines corresponding to a wide range of n values, where n is the principal quantum number. Provided the sensitivity is high enough, such observations allow the study of impact broadening and source analysis based upon many transitions, free of systematic errors due to differences in beam sizes, calibration errors and telescope efficiencies. Another advantage of observing lines of different n in the same window is that the optical depth of the radio continuum is the same for all lines (Churchwell 1971; Lockman and Brown 1975; Peimbert et al. 1992) . With the same absorption effects operating in each line it is possible to make a more reliable investigation of line broadening mechanisms such as turbulence and electron impact broadening (Griem 
1967).
We report here the results obtained by making small-offset, frequency-switched observations (hereafter referred to as SOFS observations) at a fixed frequency, with a relatively wide, instantaneous bandwidths (140 MHz at 17.6 GHz and 70 MHz at 6.0 GHz), in W51 and Orion A, two sources with strong continuua. The source coordinates used were R.A.(1950) • 24 40 for W51(Main). Our observations were carried out using the NRAO 1 140-foot (43 m) telescope. The data at 6.0 GHz were obtained in 1990 August (W51) and 1992 April (Orion); the data at 17.6 GHz in 1991 January.
We present these data for publication at this time for two main reasons. First, in the ten years since we first described our observing and data reduction techniques (Bell 1997) , and reported a mysterious reduction in impact broadening above n = 200 (Bell et al. 2000) , we have had many requests from astronomers asking to see the data. Second, we fully anticipated that when the Green Bank Telescope (GBT) was commissioned ten years ago, it would soon be used either to confirm or to rule out our earlier findings. This has not happened. To our knowledge, even the GBT, with its offset feed designed to reduce the feed-to-primary dish reflection problem, and its extensive receiver-room shielding to control local interference problems, has not obtained position-switched results over wide windows close to the 10,000/1 dynamic range we achieved with the 140-foot telescope using frequency switching. We hope by presenting our data it might encourage someone to use the GBT to try to explain the mysterious line narrowing problem above quantum levels of n = 200 that we previously reported.
Here, the spectra obtained for each source are presented at both observing frequencies. The peak antenna temperatures and linewidths (FWHM) are tabulated. For sources with a strong continuum, frequency switching offers the opportunity to observe baseline-free spectral windows that are many times wider than the continuous window widths obtainable using position switching. Although the same correlator window widths can be used with both techniques, because of the need to fit high-order polynomials to position-switched data, only small portions of the total observing window can be processed at a time.
Observations have been reported previously of recombination lines arising from transitions between levels separated by ∆n up to at least 14 (Balser et al. 1994; Rood et al. 1984; Bania et al. 1987; Bell 1995; Davies 1971; Smirnov et al. 1984 ). Here we report recombination lines with ∆n values possibly as high as ∆n = 25. Throughout this paper the principal quantum number n represents the lower level of a given transition whose quantum designation is given as (n, ∆n).
In §2 we describe the receivers and observing technique. In §3.1 we describe the spectra obtained for both sources at 17.6 GHz, including molecular lines. In §3.2 the spectra obtained at 6 GHz are described. In §3.3 some of the main molecular lines in our observing window are discussed. In §4 we describe the RRLs listed in Tables  2, 3 , 4, 6, and other, non-recombination lines listed in Table 7 , as well as how the corrected values have been obtained. In §5 the center frequencies of the RRLs in Orion at 6 GHz are examined and shown to exhibit a systematic blueshift as n and ∆n increase. A brief description of the correction curves used to recover the true line parameters is included in Appendix A.
Observations
As reported by Bell and Feldman (1991) , it turned out to be necessary to make off-source integrations of equal duration, at least for the first several hours to ensure that the spectra were not contaminated by telluric lines or interference. Using frequency-switching, these lines, that otherwise disappear with off-source subtraction, are readily detected. However, this possible spectral contamination is not too serious since telluric lines can usually be identified, and even time-variable weak interference can be discovered by dividing the data into two halves and subtracting them. All results were obtained using relatively short, 4-minute ON-OFF integration periods. To reduce the fundamental telescope ripple we also used λ/8 defocussing.
The autocorrelator was configured to give two series banks of 80 MHz and 256 channels at 17.6 GHz which gave channel separations of 0.3125 MHz or 5.32 km s −1 . The bank center frequencies were separated by 70 MHz, allowing a frequency overlap of 10 MHz to accommodate autocorrelator edge effects. The observing window thus covered 140 MHz, and with cold-sky system temperatures between 50-60K at 17.6 GHz the desired sensitivity was obtained in six transits. Telescope pointing was updated every 90 minutes using standard pointing sources. The relevant telescope beamwidths and efficiencies are given in Table 1.
At 6.0 GHz the autocorrelator was configured to give two series banks of 40 MHz width and 512 channels which gave channel separations of 0.0781 MHz or 3.9 km s −1 . The frequency offsets used at 17.6 and 6.0 GHz were ±0.9375 MHz and 0.3125 respectively, (which correspond.to frequency-switched intervals of 32 and 31.2 km s −1 ). Although a slightly larger offset would have been desirable, the baseline degradation with increasing offset ruled this out. The flatness of the baseline and hence the line-detecting ability of the observing technique was felt to be more important than the loss of line parameter information which may have resulted, especially since the latter can be recovered. Also, removing the frequency-switched reference lines so that Gaussians can be fitted requires that the baselines be flat.
The LINECLEAN program used in the reduction process employed a scaled version of the signal line to remove the reference lines. It is described in detail in Bell (1997) . In the reduction process the known frequencies of all recombination lines, up to ∆n = 20 at 17.6 GHz and up to ∆n = 25 at 6 GHz, were examined and were cleaned if they showed evidence of a line. Very weak features that were confused with other features were not cleaned. A complete discussion of the procedures used to obtain flat baselines with the SOFS observing technique, without having to fit polynomial or sinusoidal baselines, is given in Bell (1997) .
Results

The 17.6 GHz data
The spectrum of Orion A near 17.6 GHz is shown in Figure 1 on a scale that reveals the weakest lines. No sinewaves or polynomials have been removed from this spectrum even though the continuum brightness temperature of the source is in excess of 40K. A list of the detected recombination lines is presented in Table 2 . It is immediately apparent in Figure 1 that the baseline structure, even at the 1 mK level, is limited mainly by thermal noise. The only obvious nonrecombination line, detected in this window, that is of reasonable width, is at 17595.3 MHz. This corresponds to the overlapping 38 16,23 -37 17,20 and 38 16,22 -37 17,21 transitions of CH 3 COOH which is a common molecule in Orion. The 2pσ µ (V=0,N=2,G=l/2) -lsσ g (V=19,N=l,G=l/2) and 2pσ µ (V=0,N=2,G=3/2) -lsσ g (V=19,N=l,G=3/2) transitions of H + 2 at 17604.3±0.5 and 17610.3±0.5 GHz respectively (Carrington et al. 1993) , also fall inside this window and were one of the main reasons for its choice. These results provide a very sensitive upper limit to the amount of H + 2 in Orion A. Although features at these frequencies might be confused with the H(163,13) line at 17606.8 MHz, any H + 2 line present is unlikely to be stronger than T A ∼ 3mK.
The 17.6 GHz spectrum of W51 is shown in Figure 2 and a list of the detected lines is given in Table 3 . Although the spectrum is similar in appearance to Orion A, the recombination lines are roughly 50% weaker. As in the Orion A spectrum, there is no evidence for H + 2 to a level of ∼ 1 mK.
The 6 GHz data
The spectrum of Orion A at 6 GHz is presented in Figure 3 with the vertical scale adjusted so that a line of strength T A = 1 mK is visible. The sensitivity is significantly better in the high-frequency half of the spectrum due to a change in receiver noise across the 70 MHz bandwidth. The locations of all recombination lines with ∆n < 25 are indicated whether or not a line has been detected. There is a strong, variable feature near 6005 MHz that has prevented the detection of weak lines within at least 2 MHz to either side.
Although it was assumed to be interference, it is worth noting that the 2 Π 3/2 (2.5 1.5,1.0 -2.5 0.5,0.0 ) transition of 17 OH is located at 6005.6 MHz and the possibility that this line may be masering cannot be ruled out. A list of the lines detected is given in Table 4 . The notes to Table 4 are given in Table 5 . Although 41 lines are listed, only the rest frequency is given if the line is confused with a stronger one. About ten percent of the lines appear to be molecular in origin and some of these are discussed in more detail in §3.3 below and in Fig 6 . The H(191,10) line near 8 GHz, was detected by Rood et al. (1984) , with T A = 6 mK. For comparison purposes the ∆n = 9 line at 6 GHz in Orion reported here in Table 4 , has corrected peak antenna temperature of T A = 12.7 mK (see §4 for a brief description of how the corrected peak antenna temperatures are obtained). It is not immediately obvious why the H(213,14) line near 8664 MHz was not visible in the spectrum of Orion obtained by Bania et al. (1987) , or why they did not detect the H(203,12) or H(208,13) lines, especially in M17S, but these failures might have resulted from the fact that their data required the removal of a 12th order polynomial from the baseline.
The spectrum of W51 obtained at 6 GHz is presented in Figs 4 and 5, with the vertical scale adjusted to show the 1 mK level. Again there is no baseline structure apparent above the level of the thermal noise, except within the cleaned region of the stronger lines and no baselines have been removed. Recombination lines up to at least ∆n = 14 appear to be visible when they are located in unconfused regions. A list of the detected lines is given in Table 6 . The corrected peak antenna temperature for the H(194,7) line is 11.5 mK in Table  6 , which shows good agreement with the T A =14.1 and 16.0 mK reported by Bania et al, (1987) for the H(171,7) and H(170,7) lines in this source, using the same telescope.
In Table 7 we have listed similar information for the Helium recombination lines detected in W51 in the 6 GHz window. Table 8 lists the frequencies and antenna temperatures of all molecular lines detected in W51 at 6 GHz.
Molecular Lines
Three components of the 2 Π 3/2 transition of 16 OH, (2.5 1.5,−1,1 -2.5 1.5,1,3 ), (2.5 1.5,−1,2 -2.5 1.5,1,2 ), and (2.5 1.5,−1,3 -2.5 1.5,1,3 ), near 6016, 6030, and 6035 MHz respectively, are present in the spectrum in Fig. 3 and are found to be redshifted by ∼ 22 km s −1 , which is the velocity of the strongest outflow component near IRc2 (see e.g. Hansen and Johnson (1983) . The weakest falls near the H(217,10) line.
There are also 3 Q-Branch transitions of NO in this spectrum, (18.5 0.5,−1.0,19.5 -18.5 0.5,1.0,19.5 ), (19.5 0.5,1.0,18.5 -19.5 0.5,−1.0,18.5 ), and (19.5 0.5,1.0,18.5 -19.5 0.5,−1.0,19.5 ). Although the last of these is coincident with the OH component near 6035 MHz, the remaining two fall in relatively unconfused regions near 5981 and 5993 MHz (see Table 4 ) and both show weak emission, also redshifted by an amount similar to that found for OH.
The three lines of OH are also present in Figure  5 and are considerably narrower than the recombination lines, and unresolved. The weakest OH line at 6016.7 MHz is seen in absorption and falls on top of the H(217,10) line. The two stronger OH lines, near 6030 and 6035 MHz, show both emission and absorption with the absorption component occurring in the red wing of the main emission feature. This can be seen more clearly in Figure 6 which shows an expanded view of the spectrum in the vicinity of the two strongest OH lines. The H(184,6) line in this spectrum may also show evidence for structure in its red wing, although this needs to be confirmed.
Corrected Line Parameters
In Table 2 we have listed in columns 1-3 all the recombination lines in Orion A with ∆n < 20 that fall in the 17.6 GHz window, along with the Hα and Hβ lines near 17.99 and 18.94 GHz respectively. The peak strengths and linewidths (FWHM) were determined from Gaussian fits using DRAWSPEC and have been included along with 'corrected' values. The corrected values are obtained using the correction curves in Figures 12  and 13 (see also Appendix A). These adjustments are necessary to remove the effects introduced by frequency switching with small offsets. Similar numbers for W51 are given in Table 3 . In Table  4 we list in column 1 the frequencies of all 6 GHz lines detected in Orion along with the frequencies of all the recombination lines that fall inside the observing window (for ∆n < 25). If the line was detected, its observed frequency is listed in column 2. Line identifications are listed in column 3. The observed antenna temperature is listed in column 4 and the antenna temperature, corrected for frequency-switched effects, is listed in column 5. The linewidth (FWHM) is included in columns 6 and 7 (frequency and velocity respectively). The corrected linewidths are given in column 8. Notes in column 9 are explained in Table 5 . Table 6 lists the Hydrogen recombination lines detected in W51 and Table 7 lists the Helium recombination lines in W51. Table 8 lists the other, non-recombination lines detected in W51.
Line Center Frequencies
Figures 7, 8, 9, and 10 show lines from all relatively unconfused regions of the 6 GHz Orion spectrum that contain a recombination line (∆n < 26). Each spectrum has the same incremental frequency scale and the rest frequency of each line is indicated by the vertical solid line. The vertical dashed line indicates the line center frequency obtained from Gaussian fitting. For lines with n < 200(∆n < 10) there is a systematic shift of the line to higher frequency (blueshift) as n, (or ∆n), increases. This shift is also present in previously published data and, in Fig. 11 , the differences between the observed and rest frequencies reported here are compared to line frequencies reported by others (Smirnov et al. 1984; Rood et al. 1984) for ∆n < 10. Since all measurements were made near the same frequency, the shifts cannot be due to normal optical depth effects related to changes in observing wavelength.
Linewidths vs n
Griem (1967, 1974) has shown that significant line broadening due to electron collisions can be expected in high-level Rydberg-Rydberg transitions that originate in regions of relatively high electron density. The broadening is proportional to n 4 . Examination of Tables 4 and 5 , however, shows that our measured linewidths begin to decrease again for n > 200. This discrepancy is discussed in more detail in Bell et al. (2000) , who show that this effect also appears to be present in earlier data.
Conclusions
We have obtained sensitive spectral line observations of W51 and Orion in narrow (70 and 140 MHz wide) frequency bands at 6.0 and 17.6 GHz. A total of 61 lines have been detected, of which about 10% are of molecular origin, 10% are unidentified and are assumed to have molecular carriers, and the remainder are recombination lines with ∆n-values at least as high as 21. We have used the frequency switching observing technique to make sensitive spectral observations of weak lines in sources with a strong continuum and wide linewidths, and conclude that this can be a powerful technique, especially for spectral line surveys of strong continuum sources and observations of extended regions. Finally, we have detected a shift in the line centers for hydrogen recombination lines that is proportional to impact broadening. The shift cannot be due to optical depth effects in an expanding nebula.
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To obtain the information needed to correct for this effect, Hα lines in Orion A and W51 were observed with increasingly narrower frequency-switched offsets to simulate the effect produced by linewidths that become increasingly more broadened by impact broadening and fill more of the frequency-switched window. The correction curve appropriate for a frequency-switched offset of ∼ 31 km s −1 using the MOR data reduction technique described by Bell (1997) with 5 overlaps, is given by the open circles in Fig. 12 . The method used to obtain this detailed curve is complicated, and will not be discussed here, since it turns out that a perfectly adequate curve can be obtained simply by comparing the measured frequency-switched widths to re-observed, or previously-published widths, obtained on a few sources with different intrinsic linewidths (using position switching or very wide frequency-switched offsets). Although the uncertainty in the curve was expected to increase slightly as the linewidth increased, it was shown by Bell et al. (2000) that the corrected linewidths obtained using the curve in Fig 12 agree well with results obtained by others using position switching, even for the widest lines. Furthermore, there appears to be no reason why the curve in Fig. 12 cannot be easily and accurately scaled to fit any frequency-switched offset by comparing the measured linewidths obtained using the new offset to a few known linewidths.
Once the corrected line widths have been determined, the corrected peak values can be obtained directly from the curve in Fig. 13 . This curve is easily obtained by observing any strong line of known width with several different frequency-switched offsets.
Although the correction curves presented here have been included for illustration purposes, observers wishing to use this technique may wish to derive their own.
